Fusions of the gene for tyrosine suppressor tRNA, tyrT(Sup3), and the lacZ gene of Escherichia coli were constructed such that the tRNA gene could be expressed from either its own promoter or that of the lac operon. These chimeras, carried on phage M13 vectors, were tested for the expression of the tRNA in E. coli. The tRNA gene was expressed on the order of 10-fold more weakly from the lac promoter than from its own promoter. To examine whether pausing or premature termination of transcription played a role in determining the relative strength, the fusions were tested in a variety of genetic backgrounds and under different physiological conditions that uncouple transcription and translation. The expression of the tRNA was not enhanced in backgrounds in which polarity was weakened or under the other conditions tested, although a dependence on nusB function was observed when the tRNA was transcribed from the lac promoter. These results indicate that pausing or premature termination of transcription did not play a role in the weak expression of the gene fusions. The results further suggest that the transcription of the tyrT gene does not normally require relief from polarity as imposed by any of the known transcriptional termination systems, in contrast to the antitermination system thought to be involved in the expression of the rRNAs.
The genes of tRNAs and rRNAs potentially present a problem for transcription. Their transcripts have extensive secondary structure, and such structures induce pausing of the transcription complex and in some instances function as transcription terminators (10, 31, 41, 43) . In the case of the rRNA genes, recent work suggests that there exists a specific mechanism of antitermination, similar to the antitermination mechanisms that function in bacteriophage lambda, which permits efficient transcription (10, 28) . Morgan and his colleagues have shown that when insertion sequences and transposons are transcribed in the context of the rrnX transcript, the strong polarity generally associated with these elements is reduced (4, 18, 27, 38) . In addition, Squires and her associates have shown that an approximately 67-base-pair sequence that is present in the rrnG operon immediately following the promoter P2 strongly diminishes the efficiency of a termination site inserted downstream (1, 23) . Moreover, this sequence possesses homology to the nut antitermination sites of lambda and, particularly, their associated boxA sequences (23, 28) .
We, as well as others, have constructed fusions in which a tRNA gene is transcribed from a promoter normally associated with the synthesis of an mRNA (33, 45 Such weakness could be due to several factors: the relative strengths of the promoters of the tRNA and mRNA genes, the processing necessary to excise a tRNA from its transcript, or the sensitivity of the transcription complex to pausing or termination.
To test directly the influence that termination mechanisms might have on the transcription of the lacZ-tyrT gene fusions, we have examined their transcription in a variety of genetic backgrounds that are known to alter termination and in cells that have been subjected to different physiological * Corresponding author. treatments which induce or suppress polarity. In each case tested, no enhancement in the efficiency of tRNA expression was detected.
MATERIALS AND METHODS
Bacterial and viral strains. The bacteriophage cloning vectors M13 mp2 and M13 mp73, constructed by Messing and his associates, were used as vectors in the construction of tRNA gene hybrids (25, 26) . They were grown in Escherichia coli JM103 as described previously (24) . Strains used to test the expression of the lac-tRNA gene fusions were derivatives of E. coli K-12 and are listed in Table 1 . YT medium was used for their growth and manipulation (35) . For labeling experiments, the cells were first grown overnight in MOPS (morpholinepropanesulfonic acid) medium containing 0.5 mM K2HPO4, 0.9 mM MgSO4, 0.4% glycerol, 0.1% vitamin-free Casamino Acids (Difco Laboratories, Detroit, Mich.), and 2 V.g of thiamine hydrochloride per ml (trace metals were not used; 29). They were then used to inoculate experimental cultures in the same medium containing 0.2 mM K2HPO4.
The strains that carry mutations affecting transcriptional termination are listed in Table 1 . Male derivatives were constructed for each of these strains by incorporating an F' lac Tn3 and using the bla gene of Tn3 for selection. For this transfer, the F' factor was first moved from strain JC13109 (provided by A. J. Clark) to E. coli C600 by selecting for Ampr and Gal' and then verifying that the resultant strain was Strs (24) . The resulting C600 F' lac Tn3 was then cocultivated overnight with the appropriate recipient strain, and cells were plated on MacConkey-galactose plates containing ampicillin (50 p.g/ml) and streptomycin (25 p.g/ml) (35) . Because of the purported instability of plasmids in strains carrying a rho mutation, strain selection continued up to the last subculture before each experiment. All strains were tested as hosts for the male-specific M13 phage by plaque formation at the time of the experiment.
Construction of lac-tRNA gene fusions. A synthetic tRNA gene, originally from the laboratory of G. Khorana, was used in the constructions. The gene, termed ssu-2, resembles the E. coli tyrosine suppressor, tyrT(Sup3), except that EcoRI (Fig. 1) carries the structural sequences of the ssu-2 gene without its promoter joined to the lacZ gene and its operator-promoter, which in turn are carried by M13 mp73. For this construction, the plasmid pRD3 was cleaved with restriction endonucleases HindIII and EcoRI, and the ends were filled with DNA polymerase I (large fragment) under conditions used for sequencing but in a reaction mixture lacking dideoxy nucleotides (24) . The DNA was then purified by phenol extraction and ethanol precipitation, and the DNA fragment carrying the tRNA gene was isolated and ligated to M13 mp73 DNA that had been digested with HincII as described above. Isolation of clones and sequencing were carried out as for phage strain 80D.
Measurement of tRNA synthesis. The synthesis of tRNATYr from the cloned genes was measured by direct radiolabeling of the tRNA in cells infected with the M13 vectors and subsequent separation of the extracted tRNAs by acrylamide gel electrophoresis. This was facilitated by the fact that tRNATYr has a mobility on 10% gels that is slower than that of most E. coli tRNAs (2, 13 of 100 pLg/ml, kasugamycin was added at 10 mg/ml, and puromycin was added at 500 ,xg/ml. In a control experiment, these concentrations blocked by more than 95% the incorporation of a mixture of "C-amino acids (isoleucine, alanine, arginine) into -protein by one of the strains used (LAN844).
For extraction of tRNA, the cell pellet from a 5-ml culture was suspended in 0.5 ml of cold 100 mM Tris acetate (pH 7.5)-100 mM NaCl, transferred to a screw-capped tube, and shaken with an equal volume of water-saturated, redistilled phenol. After continuous mechanical shaking at room temperature for 20 mmn, the extracts were centrifuged at 1,800 rpm in a clinical centrifuge in the cold, and the aqueous phase was taken. To this was added 0.1 volume of 3 M sodium acetate (pH 5.0) and 2 volumes of 95% ethanol. After overnight storage at -20'C, the RNA was collected by 15 min of centrifugation in a microcentrifuge, precipitated from 0.4 ml of 0.3 M sodium acetate, collected again, and, after drying, suspended in 50 p.1 of H20.
Purified RNA samples were subjected to electrophoresis. The 10% polyacrylamide gels were prepared essentially as described by Kaplan and Nierlich (20) , but with Tris acetate buffer (pH 8.3) at 0.1 M. Samples were run at 3°C on 0.6-mm-thick, 20 -by 40-cm gels for 20 h at 300 V. After electrophoresis, the gels were dried on Whatmann 3MM paper and subjected to autoradiography on Kodak XAR5 film. Autoradiograms were scanned with a Bio-Rad 620 video densitometer (Bio-Rad Laboratories, Richmond, Calif.), and peaks were integrated with a Hewlett-Packard 3392A integrator (Hewlett-Packard Co., Palo Alto, Calif.). In some instances, gels were counted directly with an Ambis Beta Scanning System (Automated Microbiology Systems, San Diego, Calif.).
RESULTS
Construction of lac-tyrT fusions. We have constructed fusions of an E. coli tRNA gene with the lac promoter and proximal portion of the Z gene. These genetic chimeras are thus made up of segments from two transcriptional categories, one subject to the coupling of transcription and translation and the other not. The tRNA gene, a synthetic near-replica of tyrT(Sup3) encoding a suppressor tRNATYr, was inserted in two constructions, one with and one without its promoter, to allow comparison of the strength of expression from the lac and the tRNA-gene promoters. In preliminary experiments wtih these fusions, we observed that the tRNATYr gene was expressed relatively weakly from the lac promoter; this led us to further examine the extent to which known polarity effects influence the expression of the chimeric lac-tRNA gene. Figure 1 shows the two constructions. The synthetic tRNA gene, originally obtained from the laboratory of G. Khorana and designated ssu-2, carries four regions essential for the, function of the tRNA gene (7, 36) . There is an approximately 50-base-pair region carrying the -10 and -35 regions of the natural tyrT promoter, the intact tRNA leader sequence, the tRNA gene, and a 16-base-pair distal sequence which contains sites for processing of the transcript distal to the structural sequences of the tRNA. The -1 through -4 region of the natural promoter sequence was modified (CCCC to TTAA) to introduce an internal HindIll restriction site, and EcoRI linkers were added at the two ends. Transcription of this gene has been studied in vivo and in vitro; the ssu-2 gene is expressed in vivo as strongly or more strongly than the natural tyrT(Sup3) gene (7), although it is und ¶er relaxed, rather than stringent, control (22 studies, the tRNA gene fragment was purified from an EcoRI digest of pRD3, a pBR322 derivative carrying ssu-2, and cloned into the EcoRI site in the sixth codon of the lacZ gene of phage M13 mp2. M13 mp2 carries the lac operatorpromoter region and the proximal part of the lacZ gene into which an EcoRI site has been introduced by mutation (26) . This construction is designated M13 80D (Fig. 1B) . The construction fusing the lacZ promoter directly to the transcribed sequences of the tRNA gene (omitting the ssu-2 promoter) followed generally the same procedures, and the product is designated M13 80G (Fig. 1C) . The vector in this case was M13 mp73 (a predecessor of M13 mp7), which is similar to M13 mp2 but has a short restriction polylinker inserted into the EcoRI site of that vector. A purified HindIII-EcoRI fragment of ssu-2 DNA was obtained, the ends were filled with the aid of DNA polymerase I (large fragment), and the DNA fragment was blunt-end ligated to M13 mp73 that had been cleaved with restriction endonuclease HinclI. The structures of the clones were verified by direct sequence determination by the dideoxy method (37) (Fig. 2) .
Measurement of tyrT gene expression. We measured the synthesis of the tRNATYr directly by electrophoresis of RNA extracted from 32P-labeled cells. This was facilitated because tRNATYr possesses a slower mobility than the bulk of the E.
coli tRNAs (2) , and the presence of the gene on a phage, which was present in the cells in a high copy number, increased its expression. Figure 3 For the experiment shown in Fig. 3 , the host strain was JM103, which is wild type in regard to loci normally associated with RNA synthesis and processing. The photograph has been overexposed slightly to accentuate the weaker bands; scans prepared with a video densitometer (of a properly exposed film) are shown in Fig. 4 . This gel was also counted directly with an Ambis Beta Scanner with essentially the same results. This experiment shows that the tRNATYr gene is strongly expressed from its own promoter but weakly expressed from the lac promoter. Lanes A and C (Fig. 3) , respectively, show samples of an uninfected culture and a culture infected with phage 80D (tRNA promoter). By comparison, lane G shows a culture that was infected with phage 80G (lac promoter) and received both IPTG and cyclic AMP. Lanes E and F show cultures that were not induced or received only IPTG. Expression was under IPTG control, as expected, and it was significantly enhanced by the addition of cyclic AMP. It should be noted that the E. coli host strain, JM103, carries a laclq gene' on a F' factor, which provides sufficient lac repressor to repress multiple copies of the lac operon carried on the phage vector. The expression of the tRNA was not measurably increased by the inducer when both the tRNA and lac promoters were present (phage 80D) (data not shown).
To evaluate these results the scans were integrated, and values are expressed as the ratio of the tRNATYr expression from the lac promoter to that from the tyrT promoter after normalization for variation in the counts applied to each lane (Materials and Methods). Background values from the uninfected host were subtracted from-the experimental values so that the ratios given represent the relative expression of the cloned genes from, the two different promoters. The values obtained from the data shown in Fig. 4 are given in Table 2 , which also summarizes the results of other experiments. With the JM103 host strain, the expression of the tRNATYr from the lac promoter was 22% of that from the tyrT promoter (Table 2) . Similar experiments were carried out with a variety of host strains with mutations that alter transcription. These experiments are discussed individually below, but the data are sumrmarized in Table 2 . The principal conclusion is that the expression of the tRNATYr gene from the lac promoter is not enhanced by the presence of the mutations that affect transcriptional termination or polarity. Indeed, the wild-type strain JM103 (Fig. 3) gave higher values for the expression of the tRNA gene than did the various mutants. However, this result does not appear to be related to the polarity phenotype, because other "wild-type" strains gave values similar to that seen with the polarity mutants tested, e.g., LAN844, and LAN841 at 37°C.
Expression of the tRNA-gene chimera in polarity-factor mutants. The cellular mechanism for transcriptional termination and its components have largely been defined in studies of mutants defective in tcrmination or antitermina- VOL. 169, 1987 549 tion as seen in phage lambda development. We have used such mutants to determine whether the expression of the tRNATYr gene from the lac promoter was limited by polarity.
E. coli AD1919 carries the rho-112 mutation, a temperature-sensitive defect in the rho factor. The defect in rho factor function, the enhanced readthrough of rho-dependent termination sites, can be detected both in vivo and in vitro at 42 to 44°C and to a lesser extent at 37°C (6) . The effect of this rho mutation on host transcription can be seen in the Gal' phenotype of a strain that has a polar IS2 element in the gal leader region. Cultures of strain LAN841 (AD1919 F') were infected with phage strains 80D and 80G at both 37 and 42°C. Results obtained at the two temperatures differed by less than twofold ( Table 2) .
The nusA and nusB mutatiops were first identified as genes necessary for lambda phage N-gene function in antitermination. Although their roles are not fully known (see Discussion), it is clear that the nusA and nusB gene products function in the E. coli host as termination or antitermination factors or both. The influence of the NusA function was tested in an experiment similar to that described above for the role of rho. Strain LAN842, a F' derivative of E. coli K95 (which carries the nusAl mutation), was grown, infected with phage strain 80D or 80G, and treated with the various combinations of inducer, cyclic AMP, and antibiotics as described above. The results (Table 2) were very similar to those with the wild-type strain JM103 and with the rho-112 mutant LAN841.
In examining the role of the NusB function, a somewhat different result was obtained. Two growth temperatures, 30 and 37°C, were tested; the nusB21 mutation is cold sensitive. The results obtained with cultures at 370C were not different from those ol,tained with other strains; scans of an autoradiogram are shown in Fig. SA . However, at 30DC, tRNATYr gene expression from the lac promoter was reduced about fourfold (Fig. 5B, Table 2 ). This result indicates that the NusB function was necessary for either expression of lac or transcription of the structural sequences of tyrT.
Expression of the tRNA-gene chimera in IRNA-polymerase mutants. RNA polymerase mutations that increase or decrease the sensitivity of the transcription complex to termination signals have been isolated in several laboratories. We have used the rpoB2 mu,tant, isolated by Yanofsky and Horn, which has diminished termination (44) . F' derivatives of the parental strain CYlS001 and the mutant CY15012 were grown and treated as in the above experiments. The expression of tRNATYr from the lac promoter relative to the tyrT promoter in the two strains was not significantly different ( Table 2) .
Antibiotic treatment. Treatment of cells with antibiotics that inhibit protein synthesis has diverse effects on transcription. These include induction of polarity, uncoupling of messenger transcription from translation in bacterial strains deficient in termination (14), stimulation of the synthesis of the stable RNA species accompanied by a fall in intracellular guanosine 5'-diphosphate-3'-diphosphate (12) , and stimulation of uptake of RNA precursors into cells concomitant with increased synthesis of stable RNA (30) . Thus, if premature termination influences the expression of the lactRNA fusion, one might expect a strong effect, either positive or negative, from the addition of an antibiotic. For this reason, cultures that received antibiotic treatment were included in all experiments. The antibiotics used included chloramphenicol, kasugamycin, and puromycin (Materials and Methods). Chloramphenicol was added to the cultures shown in Fig. 3, lanes B, D, We have observed that the cloned tRNATYr is expressed from the lac promoter on the order of 1/10 of that from its owp promoter. This finding is in general terms consistent with the observations of others with similar gene fusions (M. Yarus and M. Berman, personal communications) and also with other measurements of the relative strengths of the promoters (22) . It is also about as one might expect for the relative strengths of expression of a tRNA gene and the lac operon. Given the numbers provided by , one can estimate the frequency of initiation at a tRNA promoter as about 1 order of magnitude greater than that at the lac promoter. However, such a calculation involves uncertainties created by the fact that stable and unstable species are being compared, and it does not take into account the specific strength of tRNATYr expression relative to that of other tRNAs (19) .
To determine whether premature termination of transcription is a factor in the weak expression of the tRNA gene, we have tested our lac-tRNA gene fusion under three general conditions: (i) in host strains with alterations in specific termination or antitermination factors, (ii) in a host strain carrying an RNA polymerase mutation that is known to relieve polarity, and (iii) during treatment with antibiotics.
Strains carrying the rho, nusA, or nusB mutations were tested as hosts for the tRNA gene fusions. Mutations in rho suppress polarity in many operons including lac; it was in studies of the suppression of lac polar mutations that mutations at this locus were first isolated (34) . The rho protein is an essential transcriptional termination factor. Mutations at the nusA and nusB loci affect bacteriophage lambda antitermination, although the roles of the nusA and nusB gene products in the host cell are not clearly known (10, 42) . For nusA and nusB, an apparent dual role in termination and antitermination suggests that these processes are mediated by a single mechanism. The nusA gene encodes an E. coli protein that was originally identified as the L factor, which stimulated in vitro 3-galactosidase synthesis (17) . This effect is hypothesized to be due to the prevention of premature termination, although the factor stimulates pausing and termination in several systems (32) . The nusA and nusB genes, like rho, appear to be essential for E. coli.
We found no enhancement of tRNA gene expression when our lac-tRNA gene fusion was propagated in hosts bearing the rho-112, nusAl, or nusB21 alleles. On the other hand, we did find a reduction of tRNA synthesis from the lac promoter when the cold-sensitive nusB21 mutation was incubated at the nonpermissive temperature. This suggests that nusB function is necessary for transcription of either lac or the tRNA. It appears most likely that nusB is involved in the transcription of lac because of the finding that nusB mutants are defective in the synthesis of the amino-terminal polypeptide of,-galactosidase (16) .
Mutants with an altered RNA polymerase a subunit may exhibit increased or diminished sensitivity to termination signals. The rpoB2 mutation was used here (44) . It was isolated as a suppressor of termination at the trp attenuator. RNA polymerase purified from this strain showed reduced termination in vitro at the trp attenuator and also at a terminator in the leader of the trpR gene (8) . These two sites possess GC-rich palindromic sequences that function as factor-independent terminators. From the stand-point of this study, they perhaps represent structures similar to those encountered in the transcription of a tRNA. No significant difference was seen in the expression of the tRNA gene fusion between F' derivatives of the mutant strain CY15012 and the parental strain CY15001.
Expression of the tRNA gene fusions was examined in all of the host strains (Table 2) in the presence of antibiotics. Three antibiotics were used-each with a different target. Chloramphenicol inhibits polypeptide elongation, puromycin stimulates the release of the nascent chain from the ribosome, and kasugamycin blocks polypeptide initiation. The addition of such antibiotics might have any one of several effects on the transcription of the chimeras, as discussed above. The most easily envisioned effect would be the uncoupling of transcription from translation, thus unmasking potential processing sites in the tRNA transcript.
We observed, however, that although tRNA labeling was strongly stimulated by antibiotics, there was no major differential effect on the labeling of the tRNATYr.
In addition to the experiments described herein, we have made trials of other conditions. These include amino acid starvation (mediated by the addition of valine) and heat shock (reported to relieve polarity; 5). These conditions did not affect the expression of the tRNA gene from the lac promoter. We have, on the other hand, consistently observed a significant stimulation of the expression of the tRNATYr from the lac promoter by the addition of cyclic AMP, in spite of the fact that the cells were cultivated in medium containing glycerol as the carbon source in which little catabolite repression is to be expected. This observation may be significant, because it has been reported that cyclic AMP relieves polarity in the lac and gal operons, although there is no indication as to by what mechanism (40) . On the other hand, given the fact that transcription from the lac promoter is known to be dependent on cyclic AMP, we feel it more likely that it is this direct effect of cyclic AMP on transcriptional initiation that we are observing.
We therefore conclude that the transcription of the tyrT gene does not require an antitermination mechanism. This conclusion is not necessarily in conflict with reports of antitermination in rRNA transcription. That mechanism appears to be involved in relieving rho-dependent termination effects, which may not be relevant to the short, structured tRNA transcripts (23) . Alternatively, it is possible that our experiments failed to detect antitermination. One might consider a number of possibilities in this context. Antitermination might only be necessary for expression of the tRNA from a strong promoter, such as its naturally occuring promoter. There is no reason to suspect that this is the case, however, since the lac operon promoter is in itself relatively strong and is known to be susceptible to a variety of polarity effects. It is possible that the antitermination mechanism is mediated by a sequence apart from the promoter region of the tRNATYr, as is the case with the lambda N antitermination systems (10) . In the case of rRNA antitermination, the site regulating antitermination has not been clearly identified, but specific sites, analogous to the lambda N antitermination system, are present in the leader and have been demonstrated to play a functional role (23) .
The tRNATYr leader was present in our lac-tRNA gene fusions. In this regard, it can be added that we do not find in the tRNA leader region any strong sequence homologies with the known transcribed elements of antitermination, that is, the boxA or nut sequences associated with rrn or phage antitermination (10, 15, 28) . Moreover, a recent study of the organization of tRNA genes found no sequence homologies in their transcribed leader regions (9) . In fact, in the spacer regions of rrn operons, where both boxA sequences and tRNA genes are found, the boxA sequences follow the tRNA genes (personal observation).
